Abstract: We report a broadband 4 Â 4 nonblocking optical switch with Mach-Zehnder interferometers (MZIs) as switch elements on a silicon platform. Silicon resistive heaters are used for phase error correction of MZI arms with total thermooptic power consumption of 33.7 mW. Fast switching is enabled by p-i-n diodes, with average electrooptic tuning power of 14.3 mW for the 24 essential switching states as required for nonblocking routing. The average on-chip insertion loss is 5.8-7.7 dB and crosstalk better than À12 dB at wavelength of 1550 nm. Optical transmission experiments using a highthroughput 50 Gb/s quadrature phase-shift keying (QPSK) optical signal reveal that no significant deterioration is observed on constellation diagrams.
Introduction
Optical switches, which route optical signals from multiple sources to multiple destinations, play a key role in both long-haul optical communications and short-reach optical interconnects [1] , [2] . A variety of technologies has been developed to implement optical switches, such as microelectro-mechanical systems (MEMS) [3] , [4] and silica planar lightwave circuits (PLC) [5] , [6] . The MEMS technology is well-suited for large-dimension optical switches with low wavelength and polarization dependence, and low crosstalk. The PLC-based optical switches are also feasible for scaling to large-port count, owing to their low insertion loss, planar integration, and easy coupling with optical fibers. However, both of them have the common disadvantages, such as large footprint, high power consumption, and low operation speed (in the millisecond to the microsecond range), which greatly limit their applications.
Silicon waveguides have the merits of sub-micrometer cross-section and low bending loss with the radii of only several micrometers. Meanwhile, the free carrier plasma dispersion effect (FCD) can provide a high tuning speed of up to 10's GHz. Besides, the fabrication is compatible with complementary metal-oxide-semiconductor (CMOS) technology, which lowers the cost and provides the possibility to combine microelectronic and photonic functionalities on one chip. In fact, silicon photonics technology has been developing rapidly and numerous passive and active optical components have been demonstrated on silicon-on-isolator (SOI) platforms [7] - [11] , making it possible to realize optical switches based on silicon waveguide systems.
An N Â N optical switch is usually formed by several 1 Â 2 or 2 Â 2 switch elements in a certain interconnect architecture. Single or coupled microring resonators (MRRs) can be utilized as the basic building blocks [12] - [17] . Previously, we demonstrated Mach-Zehnder interferometer (MZI) coupled MRRs to work as optical switches where electrical tuning is applied either to the MZI arm or to the MRRs [14] , [15] . The MRR-based optical switches have the advantages of small footprint and low tuning power. However, their narrow optical bandwidth and high sensitivity to environmental temperature variation limit their practical applications. Comparing with the MRR, the MZI has a broader optical bandwidth and better tolerance to temperature variation [18] - [23] , although the phase shift to change the switching state is much larger than the MRR.
In this paper, we report a broadband 4 Â 4 non-blocking silicon electro-optic (EO) switch based on 2 Â 2 MZI switch elements in a Benes architecture. The switch is composed of six MZIs, and each MZI is integrated with both EO and thermo-optic (TO) electrodes for fast switching and low loss phase error compensation, respectively. The average on-chip insertion loss of all 24 switching states is within 5.8 to 7.7 dB, with a routing path variation of AE2.3 dB. The measured worst crosstalk of the switch is À12 dB. The total TO tuning power is 33.7 mW and the average EO tuning power of the 4 Â 4 switch in any given switching state is 14.3 mW. The switching functionality is verified by the transmission of a 50 Gb/s quadrature phase shift keying (QPSK) optical signal. Fig. 1(a) shows the schematic of the 4 Â 4 Benes switch fabric. The Benes architecture, which is reconfigurably non-blocking, requires the least switch elements to obtain the full switching states and, hence, has the lowest insertion loss compared to Crossbar, Clos, Fat-Tree, Torus, and other architectures. A 4 Â 4 Benes switch only needs three stages and six switch elements in total. As can be seen, waveguide crossings are necessary to construct the switch. In order to shows the switch element based on a 2 Â 2 MZI. The MZI consists of two 2 Â 2 MMIs linked by two arms with an equal length. Both of the two arms are integrated with p-i-n diodes for fast EO switching and silicon resistive heaters to correct fabrication induced phase errors [15] , [24] , as illustrated in the insets of Fig. 1(b) . By changing the phase difference of the two arms from 0 to , the MZI is switched from "cross" to "bar" state, which we defined as "0" and "1," respectively. There are totally 2 6 ¼ 64 combinations for the 4 Â 4 switch, among which some are redundant. Only 24 permutations are needed for non-blocking operation.
Device Design and Fabrication
The 4 Â 4 switch is made up of silicon ridge waveguides with a slab thickness of 60 nm. The lengths of the p-i-n diodes and the silicon resistive heaters are 356 m and 89 m, respectively.
The doping concentration of the highly doped p þ and n þ regions is $10 20 cm À3 , separated from the waveguide edges by 0.8 m to avoid free carrier absorption (FCA) loss. The resistive heater is made of lightly n À doped silicon waveguide with a concentration of $8 Â 10 16 cm À3 to reduce the resistance while maintaining low propagation loss. The device was fabricated using CMOS compatible processes. Fig. 2 shows the optical microscope image of the fabricated device. Grating couplers with a period of 640 nm and a shallow etch depth of 70 nm are used for in-and out-coupling with a fiber array. The footprint of the 4 Â 4 switch is 3:5 Â 1:4 mm 2 , including all the electrical pads and fiber array coupling region. It should be noted that the waveguides are elongated before terminated with grating couplers in order to leave enough space for fiber array coupling and wire bonding of electrical pads. In our design, we also add a directional coupler in each output waveguide so that light can be coupled out of the chip from both the left side (fiber array coupling) and the right side (individual fiber coupling) for easy testing. The directional coupler has a gap of 200 nm and a coupling length of 13 m. The splitting loss for the fiber array end is about 6.2 dB around 1550 nm wavelength region based on finite-difference time-domain (FDTD) simulations. The signal pads were finally wire-bonded to a printed circuit board (PCB) for electrical tuning the silicon resistive heaters and the p-i-n diodes. 
Experimental Results
As there are phase errors for the as-fabricated devices, we first use TO tuning to correct the phase difference between MZI arms. After correction, the switch elements are all in the "cross" state which we refer to as the "000000" state. The TO power is fixed during the EO switching. We then change all switch elements from "cross" to "bar" states by tuning on the p-i-n diodes of the MZI bottom arms, so the 4 Â 4 switch is configured to the "111111" state. The TO and EO power consumptions of the six switch elements are listed in Table 1 . The total TO tuning power of the device is 33.7 mW. Because of the variations in the I-V characteristics of the p-i-n diodes, the EO power varies from 4.5 to 8.1 mW. Fig. 3(a)-(d) show the measured transmission spectra of the 4 Â 4 switch at the "000000" state. In each plot, the transmission spectra from the four input ports to one output port are recorded. The spectra are all normalized to a test waveguide to eliminate the effect of grating couplers. One can see that the input and output ports are mapped as I 3 À O 1 , I 4 À O 2 , I 1 À O 3 , I 2 À O 4 with an on-chip insertion loss of around 10 dB. The loss comes from the switch elements, connection waveguides, waveguide crossings, and power splitters. The waveguide crossing loss is around 0.17 dB/junction at 1550 nm wavelength, extracted by linear fitting 10, 20, and 30 series-connected crossings. One might notice that the switch loss slightly increases with wavelength, it is because the directional couplers have a higher coupling ratio at a longer wavelength. The leaked power from the other three input ports become crosstalk to the main routing path. The worst crosstalk is around À15 dB. The crosstalk mainly results from the limited extinction ratio of the MZIs. Although we have corrected the phase errors in the MZI arms, the 2 Â 2 MMIs in the MZI may not have an equal splitting ratio, which as a result cannot give 100% transmission in the "cross" state. The crosstalk can be further improved by optimizing the 2 Â 2 MMIs. Fig. 3(e)-(h) show the transmission spectra of the "111111" state. As compared to the previous state, the insertion loss increases by $4 dB, and the crosstalk deteriorates to around À10 dB. The performance degradation is caused by the excess loss induced by FCA effect during the EO tuning. As a consequence, the optical power of the MZI two arms becomes unbalanced, giving rise to a reduced extinction ratio and, hence, higher loss and crosstalk. It is also observable that some crosstalk spectra exhibit periodic oscillation patterns, e.g., I 2 À O 1 , that is because of the interference of crosstalk paths with comparable optical power levels.
We also characterized the loss and crosstalk of all 64 switching states. Light at 1550 nm with transverse electric (TE) polarization is launched into one input port. A routing path from the input to a specific output is set up by setting the state of each MZI switch element upon tuning on the p-i-n diode with the power listed in Table 1 . The transmitted optical power from this path is measured by a power meter. The ratio of the input light power to the measured output power is defined as the fiber-to-fiber insertion loss. Apart from the main path, the optical power is also partially coupled to the other three output ports, leading to crosstalk and noise. For each switching state, we measured the loss and crosstalk of all four paths. For non-blocking operation, only 24 switching states are essential. Table 2 lists the 24 switching states and their EO power consumptions. The total EO tuning power of all the six switch elements ranges from 0 to 24.6 mW over all 24 switching states. The average EO power consumption in any given switch configuration of the 4 Â 4 switch is 14.3 mW. For the configurations that give the same state, we choose the one with the best performance. Fig. 4(a) shows the measured fiber-to-fiber losses of the 24 states of the 4 Â 4 switch. The coupling loss at 1550 nm is 7.5 dB per facet. The splitting loss of directional couplers is about 6.2 dB. The average on-chip insertion loss increases from 5.8 to 7.7 dB when the switch elements are changed from the "cross" state to the "bar" state due to FCA effect. The variation of on-chip insertion loss is AE2.3 dB. Fig. 4(b) shows the crosstalk of all 24 switching states of the device. Here, the crosstalk of the input port m ðm 6 ¼ iÞ to the routing path I i À O j (i; j ¼ 1, 2, 3, and 4) is defined as the ratio of the leaked output power P outðm!jÞ to the output power P outði!jÞ [25] . Based on the definition, the leaked power for a specific routing path may come from three input ports; therefore, there are totally 12 crosstalk values for one switching state. The worst crosstalk of all the routing paths is À12 dB. As for practical use, all leaked power from the other three input ports influences the main routing path. Hence, the accumulated crosstalk for any given routing path, defined as the summation of crosstalk contributed by all noise paths, is valuable assessment to the system performance when there are four simultaneously active input signals. Fig. 4(c) shows the accumulated crosstalk values at the four output ports for the 24 switching states, which are all better than À9.6 dB. It should be mentioned that the waveguide loss increases during EO tuning, and hence it is difficult to reduce the crosstalk of MZI switch elements to below À20 dB. In order to address this issue, more complicated switch units can be employed, for example, using double-gate 2 Â 2 switch element made of 4 MZIs [26] . In this way, the crosstalk can be reduced to below À30 dB and the performance of our 4 Â 4 switch can thus be further improved.
Next, we verify the switching functionality of the 4 Â 4 switch by performing high-speed QPSK optical data transmission experiments. A continuous wave (CW) light at 1550 nm is generated by a tunable laser source, and is then modulated by a LiNbO 3 based IQ modulator to generate the QPSK signal. The modulator is driven by two 25 Gb/s 2 31 À 1 pseudo-random bit sequence (PRBS) radio frequency (RF) signals from a pulse-pattern generator (PPG); therefore, the bit rate of optical signal is 50 Gb/s. Before the optical signal is coupled to device, it is amplified by an erbium-doped fiber amplifier (EDFA) and is adjusted to TE polarization by a polarization controller (PC). The output optical signal from the chip is amplified by another EDFA to compensate the loss of the device and followed by a band-pass filter to suppress the amplified spontaneous emission (ASE) noise from the EDFAs. A variable optical attenuator (VOA) is used to tune the optical power before it is received and analyzed by an optical modulation analyzer (Agilent, N4392A). The error-vector-magnitude (EVM) is obtained from the measured constellation diagrams.
We measured the data transmission of the "000000," "100110," "110100," and "111111" states. Fig. 5(a) shows the constellation diagram of the system back-to-back (BtB) transmission, with an EVM of 12.9%. The constellation diagrams of the four output ports under four switching states are illustrated in Fig. 5(b) -(e). The measured EVM are all smaller than 13.6%, which suggests the QPSK signal is degraded by less than 1% after passing through the device. Therefore, it illustrates that our device is capable of switching 50 Gb/s QPSK optical signal with high signal integrity, even though it has a relatively high loss.
Conclusion
We have demonstrated a silicon 4 Â 4 non-blocking electro-optic switch based on a Benes architecture with MZIs as the switch elements. Phase errors in MZI arms are compensated by using silicon resistive heaters, with total TO power consumption of 33.7 mW. The switching operation is enabled by p-i-n diodes, with an average switching power of 14.3 mW in any given switch configuration. The measured transmission spectra show that the device is broadband with 5.8-7.7 dB average on-chip insertion loss for all 24 switching states at 1550 nm. The worst crosstalk of the switch at 1550 nm wavelength is À12 dB. Optical signal transmission measurements show that our device can switch 50 Gb/s QPSK signals with the EVM deteriorated by less than 1% comparing with BtB transmission.
